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Antibody catalysis' provides an oppprtiuiity to examine the 
evolution of binding energy and its relation to catalytic function 
in a system that has many parallels with natural enzymes. Here we 
report such a study involving an antibody AZ-28 that catalyses an 
oxy-Cope rearrangement, a pericyclic reaction that belongs to a 
well studied and widely used class of reactions in organic 
chemistry^. Immunization with transition state analogue 1 results 
in a germline-encoded'antibody that catalyses the rearrangement 
of hexadiene 2 ;to aldehyde 3 with a rate approaching that of a 
related. pericyclic reaction catalysed by the enzyme chorismate 
mutase^ Affinity maturation gives antibody A2-28, which has six 
amino acid substitutions, one of which results in a decrease in 
catalytic rate. To understand the relationship between binding 
and catalytic rate in this system we characterized a series of active- 
site mutants and determined the three-dimensional crystal struc- 
ture of the complex of AZ-28 with the transition state analogue. 
This analysis indicates that the activation energy depends on a 
complex balance of several stereoelectronic effects which are 
controlled by an extensive network of binding interactions in 
the active site. Thus in this instance the combinatorial diversity of 
the immune system provided both an efficient catalyst for a 
reaction where no enzyme is known, as well as an opportunity 
to explore the mechanisms and evolution of biological catalysis. 

Monoclonal antibody AZ-28 catalyses the unimolecular oxy- 
Cope rearrangement of substrate 2 to product 3 (which is trapped 
in situ as the oxime) with a rate acceleration (k^Jk^^^J of 5,300 
(Fig. la)*. To determine the origins of the binding and catalytic 
properties of this antibody, its immunological precursor was cloned 
in the form of the germline variable-region ( Vl and Vh, where L and 
H represent light and heavy chains, respectively) genes*'* (Fig. lb). 
During affinity maturation, the precursor to AZ-28 Vl, the Tl/B Vl 
germline segment', underwent five silent mutations as well as two 
amino-acid replacements: at position 34 on the light chain, serine 
was substituted by asparagine (Ser"^* to Asn) in complementarity- 
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determining region CDRl and Ala^' to Thr in CDR2. The pre- 
cursor to AZ-28 Vh, the Vh 19.1.2 germline segment*, underwent 
four somatic mutations, Tyr"^^ to Phe in CDRl, Ser"'^ to Gly and 
Asn to His in CDR2, and Thr"" to Lys in framework region FR3, 
without any silent changes. CDR3 could be derived from the 
fi^rjilV^} 'regions DsP2.z {Asp«'o°) or Dsp,,. Dsp,^, or Dsp., 
(Gly" ) ; alternatively, as AZ-28 was generated from an outbred 
mouse strain, it might be derived fi-om an unmutated (wild-type) 
non-standard D region. Considering that a two-nucleotide change 
would be necessary to convert Gly or Asp to Phe""^, this latter 
possibility seems more likely 

To determine the effects of affinity maturation on binding and 
catalysis, we reconstructed the pure germline (no somatic muta- 
tions) version of AZ-28. In addition, aU six somatic mutations were 
reintroduced into the germline antibody individually as well as in 
combinations that varied according to their chains. Binding affi- 
nities and kinetics for hapten ^l.were measured by surface plasmon 
resonance (Table 1). The heavy and'light chains provide nine- and 
fivefold improvements, in affinity, respectively, indicating that the 
effects of both chaihrareiiargely additive'". The resulting 40-fold 
overall decreas^e (in;Jthe> dissociation constant (1) from 670 to 
17 nM is welllwithin-the range reported for other antibodies to small 
haptens^^from^secondary immune responses". Transition-state 
theory'^dictates that rate enhancement should correlate with 
-increased -differential binding of the antibody for the transition 
state relative to substrate'^•'^ Surprisingly, however, the germline 
form of AZ-28, which has approximately the same Michaelis 
constant (JCm) and hence affinity for substrate as does mature AZ- 
28, affords a 35-foId greater rate enhancement compared with 
mature AZ-28 (the chemical step is rate-limiting in the case of the 
mature antibody)'*. Moreover, mutation of Phe"'"" to Asp in the 
germline antibody leads to an even greater rate acceleration 
C^cit^^ncit = 3 X 10^), despite a lower affinity for hapten 1. This 
improvement in catalytic efficiency results in a rate enhancement 
approaching that of the well characterized enzyme chorismate 
mutase, which catalyses a related [3,3] sigmatropic rearrangement^. 

Analysis of the germline single mutants indicates that whereas 
five of the six somatic mutations significantly affect binding affinity, 
the enhanced catalytic efficiency of the germline antibody compared 
to AZ-28 is associated largely with the mutation of Ser*-^"* to Asn. 
Kinetic data from the hybrid antibody L^H"' (in which the light 
chain of the germline antibody is paired with the heavy chain of AZ- 
28) and the germline Ala^^'Thr mutant (Table 1) together indicate 
that the change of Asn"^* to Ser in the affinity matured antibody, 
AZ-28, leads to a 20-fold increase in We further examined this 
dominant role of position L34 by site-directed mutagenesis. Sub- 
stitution of Ala or Asp for Ser"^^* in the germline antibody resulted in 
rate enhancements intermediate between that of the germline and 
mature antibody (Table 1), whereas substitution of His and Glu at 
this position led to decreases in activity of more than 250- and 
2,500-fold, respectively Measurement of the pH dependence of 
hapten dissociation rates in the range of pH 4.0 to 7.4 indicated that 
titratable group with an influence on hapten binding was 
Asp , with the protonated form approaching the behaviour of Asn 
in this position. In contrast, the binding of the germline antibody 
and the germline mutants Ser^* to Asn and Phe"'''" to Asp, was 
essentially independent of pH'\ 

To understand the relationship better between the binding and 
catalytic activities of this series of related antibodies, we determined 
the three-dimensional crystal structure of the AZ-28 antigen-bind- 
ing fi-agment (Fab) complexed with hapten 1 at 2.6 A resolution. 
The hapten is bound in a deep, cyHndrical cavity, about 8.3 A wide 
and 18.5 A deep; approximately 85% of hapten 1 (excluding linker) 
is buried within the Fab (Figs 2-4). Hapten I is bound in a chair-Uke 
geometry with the aryl and hydroxyl substituents of the cyclohexyl 
ring equatorial. The phenyl substituents of hapten 1 are rotated with 
respect to each other by a dihedral angle of 19° and make extensive 
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contacts with the active site residues. The 5-phenyi group of hapten 
1 is buried at the bottom of the cavity and surrounded by the side 
chains of Trp"^^ Trp"'". Phe'^'. Leu^^ Phe^'^ Ala"" and GIu"'^ 
(Fig. 3). The 2-phenyl substituent is located near the opening of the 
binding pocket and its orientation is fixed by a TT-stacking inter- 
action with the imidazole ring of His"^* and van der Waals 
interactions with the side chain of Tyr''". The cyclohexyl ring of 
hapten I, which mimics the cyclic 477 + 20- transition state, is 
rotated out of the planes of the 5- and 2-phenyl rings by 81° and 
85°, respectively {Fig. 3). Its position is fixed by hydrogen-bonding 
interactions between the hydroxyl substituent of hapten 1 and both 
the imidazole ring and backbone amide NH group of His"'^. There 
is also a water molecule bridging the hydroxyl substituent with the 



carboxylate group of Glu"^°. The cyclohexyl ring of hapten 1 is also 
in van der Waals contact with the hydrophobic side chains of Tvr''", 
Tyr"-'* and Tyr"'"'^ and the hydrophilic side chains of Asn"^ and 
Asp""". The Unker arm is exposed to solvent and adopts multiple 
conformations in the crystal structure. 

The X-ray crystal structure suggests that antibody AZ-28 func- 
tions by a combination of entropic'* and electronic effects. The 
antibody binds hapten 1 in a chair-like conformation, consistent 
with the preferred chair transition state of the Cope 
rearrangement'^. The positions of the C2 and C5 atoms of hapten 
1, and as a consequence, the C2 and C5 atoms of hexadiene 2, are 
fixed by extensive van der Waals interactions by the two phenyl 
substituents. Consequently, the bound conformation of the acycUc 



Table 1 Binding and catalytic properties of AZ-28 and related antibodies 
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AZ-28 


0.023 (0.002) 


74(12) 


5X Itf 


3.11 (0.46) 


0.55 (0.02)t ^ 
;1.37(0:02)' 


17 


-2.2 




0.46 (0.03) 


143(14) 


94X 10^ 


1.49 (0.08) 
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-1.2 




0.076 (0.006) 


205 (31) 


16x 10^ 


0.47 (0.02) 


; 0.64 (0.01} 
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-0.9 
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0.80(0.06) 
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163X Itf 


0.30(0.01) 


: j."90(0.08) 
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0.0 


GtS^N) 
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16x Itf 


0.49(0.03) 


- .0.70(0.01) 
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-0.9 


G(A'-'*'T) 


0.83 (0.08) 
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169X Itf 
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686 


0.0 


G(S'^A) 
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19(3) 


37 x Itf 
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0.1 
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0.81 (0.04) 
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165X Itf 
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1.62 (0.02) 
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-0.5 


G(F^'°°D) 


1.45 (0.05) 


123(9) 


296 X 10^ 


0.39 (0.08) 


2.75 (0.02) 
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0.1 


QjpHlOOQj 


0.45(0.01) 


19(1) 


92x10^ 


0.45 (0.03) 
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G. f ull germline clone; L^hT, combination of germline Vl with mature Vh; H^L*". com btnation of germline Vh witii mature Vl; single point mutations are indicated in the single-letter amino-acid 
code in parentheses. Standard deviations are given in parentheses. aaG is the difference in free energy, calculated relative to the germ line. 




la R = NH(CHz)20{CH2)2NH2 

1b <B = OH 



Light chains 




Figure 1 a. Transition-state ana- 
logue (hapten 1, a and b derivatives) 
and the oxy-Cope rearrangement 
reaction catalysed by antibody AZ- 
28. b, Light- and heavy-chain vari- 
able region sequences of AZ-28, 
and the germline precursors Vl-T1 / 
B and Vh-19.1.2. Amino acids are 
represented in the one-letter code. 
Numbering is according to ref, 26. 
CDRs. complementarity determin- 
ing regions, are indicated by bars. 
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(477 + 2a) system of hexadiene 2 should be close to that of the 
transition state of either a stepwise or concerted rearrangement 
reaction'*'". This is consistent with NMR studies that show transfer 
nuclear Overhauser effects (NOEs) between the terminal olefinic 
protons of substrate 2 when bound in the antibody active site'*. 

In addition to proper orbital alignment of the (4it + 2<j) orbitals, 
electronic effects arising from the 2,5-diphenyl and 3-hydroxyl 
substituents affect the energetics of 3,3-sigmatropic rearrangement 
reactions. Hyperconjugation of electron density on oxygen accel- 
erates the oxy-Cope rearraneement through an anionic substituent 
effect^". Consequently, His"^* and Glu"^° might act to enhance the 
rate of the rearrangement by increasing the electron density on the 
oxygen substituent of substrate 2. The orientation of the latter 
residue may be affected by the somatic mutation of Asn * to His 
and Ser"^* to Gly. In addition to effects associated with the hydroxy! 
substituent, aryl substituents at the 2 and 5 positions of 1,5- 
hexadiene have also been shown to lower the activation energy by 
5 to 10 kcal moP' (this effect has been attributed to stabilization of a 
biradicaloid-like transition state)^'. Hydrogen-bonding interactions 
with the hydroxyl group, however, probably rotate the two it bonds 
of the 1,5-hexadiene out of planarity with the two phenyl sub- 
stituents, leading to decreased tt- orbital overlap and an increase in 




Figure 2 The th ree-di mensiona I structu re of the variable domain of the AZ-28 Fab- 
hapten 1 complex showing the bound transition-state analogue(yellow) and sites 
ol somatic mutation: Asn^. Thr^^^ Phe""^, G^y"« His"^ and Lys"" (green); the 
alpha-carbon (Ca) backbone of Vh and Vl are in blue and red, respectively 
(heteroatom colours: 0, red; N. blue). 



activation energy (Fig. 3). Thus the rate of the antibody AZ-28- 
catalysed reaction depends on a balance of the stereoelectronic 
effects involving alignment of the (4-77 + 2a) orbitals of the diene, 
the degree of electron density on the hydroxyl substituent and the ir- 
orbital overlap with the aryl substituents. 

The crystal structure also provides an explanation for the inverse 
correlation of binding affinity to hapten I and catalytic rate. During 
the process of affinity maturation, increased binding interactions 
between antibody and hapten fix the orientation of the phenyl 
substituents with respect to the cydohexyl ring. Consequently, upon 
substrate binding to mature AZ-28, the hexadiene core probably 
rotates with respect to the phenyl substituents to increase hydrogen- 
bonding and packing interactions (Fig. 3), making it more difficult 
to achieve maximal orbital overlap than iiilthe case of the germline 
antibody, where the hapten is bound less tiglitly. Asn"'' is 3.8 A firom 
the cyclohexyl ring and directly interacts-wlth Tyr"'"^'' and Asp""" 
of VhCDR3 to help fix the confomiation of the bound hapten. Thus 
this residue might be expecte&^to have the largest effect on the shape 
of the active site, and^as-a'Jconsequence on the stereoelectronic 
features of the reactiph^co^ Consistent with this model, 

variation in the structure of Vh CDR3, which is important for 
orienting tKe :2-ph'enyl substituent, also leads to large variations in 




Rgure 3 Structure of the AZ-28 active site showing the transition-state analogue 1 
in yellow. The 5-phenyl ring is buried in the hydrophobic pocket and the 2-phenyl 
ring and linker are near the surface; the Ca backbone of Vh and Vl are in blue and 
red, respectively, and sites of somatic mutation are indicated In green. The side 
chains of active-site residues interacting with hapten are indicated in brown. Two 
water molecules in the active site are indicated as red spheres (heteroatom 
colours: 0, red; N, blue). 

Figure 4 Stereodiagram of a ^Fo--F^ electron density 
map, illustrating the electron density in the antibody 
combining site. The electron density map was contoured 
at 2.2cr. 
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catalytic activity among a series of related antibodies, with Vh of 
AZ-28 being tiie most effective^^ 

Functional and structural analysis of the binding and catalytic 
properties of AZ-28 and related antibodies indicates that an 
extended network of hydrogen-bonding and hydrophobic inter- 
actions act together to control the stereoelectronic features of this 
reaction. Affinity based selection in response to hapten 1 leads to 
favourable orbital alignment of the (4t7 + 2a) system of the diene 
and favourable interactions with the hydroxyl substituent. However, 
introduction of the somatic mutation Ser^'* to Asn, which leads to a 
modest increase in binding affinity, affects the relative orientation of 
the diene and phenyl orbitals, and therefore results in a significant 
decrease in rate". This inverse correlation of rate enhancement and 
affinity stems from the fact that rotation of the aryl substitutents is 
not restricted in hapten 1, as it is in the lowest-energy transition 
state. Nonetheless, the combinatorial diversity of the immune 
system, when selected by using mechanistic information pro- 
grammed into hapten 1, afforded an efficient antibody catalyst for 
an oxy-Cope rearrangement, a reaction for which there is no known 
enzyme. Improvements in hapten structure, together with muta- 
tions that optimize orbital alignment, should further increase 
catalytic efficiency^^'". Finally, our study illustrates how catalytic 
antibodies can help us to understand the complex relationship 
between binding energy and catalysis in the evolution of biological 
catalysts. D 



Methods 

Cioning of germline antibody and construction of mutants. Tl/B.was 
identified as a potential germline candidate through a honiology,search of the ' 
Kabat database". Based on its published 5' flanking region^ a primer, for the 
polymerase chain reaction (PGR) was designed to amplify the VL-codirig region 
and upstream flanking DNA from both A2-28 hybridoma DNA and unre- 
arranged murine liver DNA {of Swiss Webster origin). A primer based on the 3' 
untranslated region served for the amplification of unrearranged DNA, 
whereas primer Jv4 (ref 5) was used for hybridoma DNA. Several clones of 
both PGR products were sequenced and their flanking regions were found to be 
identical with the published Tl/B::se^uence. The PGR primer for analogous 
amplification of the Vh geriesvwas) designed based on the published 5' 
untranslated region of 37AllVj^(ref. 27), a mutated version of 19.1.2 Vh 
(ref. 8). This primer, in/combination with olignonucleotides covering the AZ- 
28 D region and the 3' end of the 19.1.2 Vh region, was used to amplify Vh and 
319 nucleotides of 5 \ flanking region firom AZ-28 hybridoma DNA and liver 
DNA, respectively. Two distinct 5' untranslated sequences were obtained ft^om 
several clones of PGR product from liver DNA, one of which was identical to 
the corresponding region from AZ-28 hybridoma DNA. Its coding region — 
identical to that of 19. 1 .2— was therefore concluded to be the authentic AZ-28 
germline sequence. The following modifications were made to the previously 
described expression system': the M13 origin of pUClIS was inserted as 
blunted ApaUfNarl ft-agment into the MscI site of p4xH (ref. 5), yielding 
p4xH-M13. The V regions from pAZ-28 (ref. 6) were fitted by PGR with their 
authentic N termini, as determined firom their germline sequences, and 
subdoned into p4xH-M13, resulting in pAZ-28''. The germline Vh region 
was inserted in the same way, whereas the germline Vl region and all single 
mutants were constructed by site-directed mutagenesis, using sense oligonu- 
cleotides and avoiding rare codons. 

Crystallization and structure determination. Antibody A2-28 was crystal- 
lized in 25% PEG 1000, 0.1 M sodium acetate, pH 4.6, 0.3 M GdClj and 0.1 M 
(NH J2SO4 in the presence of 2 mM hapten 1, using the hanging-drop method. 
The crystals grew as very thin plates (0.4 mm X 0.3 mm X 0.02 mm). Data 
were collected at Stanford Synchrotron Radiation laboratory beamline 7-1 and 
processed using DENZO and SCALEPACK". The space group was P2i, with 
two molecules in the asymmetric unit, and unit cell parameters were: 
a = 42.78 A, b = 81.50 A, c = 128.2 A, j8 = 93.43 A. The structure was solved 
using molecular replacement. The AMoRc" package was used to search a 
library of variable domains using data between 8.0 and 3.5 A. A solution for the 
variable domain was found with the model from 6FAB", with a correlation 
coefficient of 28.8% (R factor, 48.4%). Fixing this solution brought out the 



second variable domain with a correlation coefficient of 28.6% {R factor, 
48.9%). Mutation of the molecular replacement model and rebuilding was 
done using program O (ref 31). Refinement was carried out using positional, 
simulated annealing and torsional refinement in X-PLOR, with NCS restraints 
turned on". A total of 24,768 reflections were used in the refinement between 
20.0-2.6 A. Maps were produced using the CGP4 (ref. 33) package and 
interpreted in O. The electron density of the hapten was clearly observed in a 
lf„ - map. The data were 91.1% complete to 2.6 A resolution with aa R- 
merge of 6.0%. A total of 193 water molecules were placed in the structure. The 
final model has a free R of 30.0% and crystallographic R of 20.0%. 
Characterization of the binding and catalytic properties of AZ-28 and 
related antibodies. All antibodies were expressed and purified as recombinant 
Fab fragments in Escherichia coli as described' *. For surface plasmon resonance 
measurements, Fab fragments were additionally passed through a Superdex-75 
column. Protein concentrations were determined^ spectrophotometrically 
based on calculated extinction coefficients at 280 rim. Structural integrity of 
the proteins was confirmed by circular-dichroism. Catalytic constants were 
measured at 5 or 6 substrate coricemrations in an HPLC assay* in 20 mM MES, 
pH 6.0. 150 mM NaCl, 5 mM hyioxylamine, 4% acetonitrile, and 1% DMSO, 
with enantiomerically piire substrate' and 30p-M o-nitroanisole as internal 
standard. AZ-28 and H?L^: were used at 1.0 yM, all other clones at 0.1 fiM. 
Rates were fitted to the Michaelis-Menten equation using the program 
Kaleidagraph. Affinity measurements were carried out in 20 mM MES, pH 
6.0, 150 mMNaCl; and 0.005% P20 (Pharmacia) by surface plasmon resonance 
usiiig a^Biacore 2000 biosensor (Pharmacia). Sensor chips (CMS, research 
grade) were derivatized with the BSA-conjugate of hapten la at 530-700 
resonance units (RU) using the amine-coupling method. JCj values were 
<determined under equilibrium condhions (20-30 min injections at Sp-lmin"', 
subtracting the signal obtained from a surface derivatized with unconjugated 
BSA) at 5 or 6 concentrations encompassing the K^. Association rates were 
determined at 4 or 5 concentrations above the Ki at a flow rate of 20 ^-1 min''. 
The values of Jton were calculated from nonlinear curve fittings using the simple 
association model of the supplied software (Pharmacia Biosensor) and aver- 
aged. Fittings were started 10 s after the start of injection, covering 30-200 s of 
the association phase and avoiding phases of chip saturation. Residuals were in 
the range of <1 to a few RU. Dissociation rates were measured using saturation 
concentrations of Fab and a flow rate of 20 ^,1 min"'. Fittings were from 10 to 
40 s after the start of the dissociation phase. Increases in flow rate or inclusion 
of 400 nM free hapten 1 had no further effect on the calculated values 
(results not shown). 
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The sources and burial processes of organic matter in marine 
sediments are not well understood, yet they are important if we 
are to have a better understanding of the global carbon cycle'. In 
particular, the nature and fraction of the terrestrial organic 
carbon preserved in marine sediments is poorly constrained. 
Here we use the chemical and stable carbon isotope signatures 
of oxidation products from a macromolecular component 
(lignin)^ of the terrigenous organic matter preserved in offshore 
surface sediments in the Gulf of Mexico to complement similar 
data from an existing onshore transect' in this region. The 
complete onshore-offshore data set, along with radiocarbon 
dates of the bulk organic material at the same sites, allows the 
differentiation of material originating from plants that photo- 
synthesize using the C4 mechanism from those that undergo Cs 
photosynthesis. We conclude that the offshore lignins derive from 
erosion of the extensive grassland (C4) soils of the Mississippi 
River drainage basin, and that the nearshore lignins originate 
largely from plant detritus from coastal forests and swamps. 
This distribution is probably due to the hydrodynamic sorting of 
the different source materials* during their seaward transport. 
These results suggest that previous studies''' have significantly 
underestimated the terrigenous fraction of organic matter in 
offshore sediments by not recognizing the contribution of C4 
vegetation to the carbon-isotope composition. Such an under- 



estimate may force revisions in the assessment of past marine 
primary productivity and associated oi^anic carbon fluxes', and 
of organic matter preservation/remineralization' and nutrient 
cycling* in marine sediments. 

The Gulf of Mexico is an extensively studied marine environment 
in which the fraction of organic carbon preserved in marine 
sediments that is of terrigenous origin (0C,„,) may be particularly 
high, owing to the proximity of continental land masses. Draining 
an area' of 3.3 X 10* km^ which includes most of North America's- 
grasslands'" (Fig. 1), the Mississippi River system is the predomi- 
nant source of sediment' and fresh water" to the Gulf We collected 
surface (0-2 cm) sediments from two transects perpendicular to the 
shore extending across the shelf and slope (Fig. 1). The elemental 
and isotopic compositions of organic matter frpm these sediments 
are shown in Table 1. ^ 

Conventional '^C ages of bulk^sedirrieritary OC range between 
2,580 and 6,770 yr bp, and generally increase with water depth. On 
the basis of published sedimentation rates'^ the average ages of 
marine phytodetritus in surface (0-2 cm) sediments should range 
between 3 (nearshore) ancl''400 (offshore) calendar yr. The large 
difference between '^G,and estimated calendar ages suggests that, 
even after accounting for sediment mixing and the reservoir effect 
on marihe'OG (ref. 13), a significant fraction of the sedimentary OC 
must Be relatively 'old', and most hkely allochthonous in origin. 
'Moreover, because OC,err '*C ages are not subject to oceanic 
reservoir corrections, this material must be composed to a large 
extent of reworked OC (ref 14). Non-zero apparent '*C ages for 
surface sediments are commonly observed on continental shelf or 
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Rgure 1 a. Map of the sampling locations and water depths (m) in the Gulf of 
Mexico, b, Map of the extent of the drainage basin of the Mississippi River and 
the grasslands in North America'" The area shown in a is an enlargement of the 
box in b. 
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